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Abstract. Generative design environments need support for human 
intervention as well as sound computational formalisms. A systematic 
approach to integrating the two, formal generation and the exploratory, 
is lacking. In this paper, we posit the possibility of a design support 
system that combines formal search with user driven exploration. Our 
approach is to cast the interaction between the user and the generative 
formalism as agent collaboration in a mixed-initiative environment. We 
describe the role of interaction and agency in an experimental mixed-
initiative design support system, FOLDS and demonstrate its application. 
1. Introduction 
Computer-based environments for supporting design are complex software 
artifacts. These tools need to use sound computational formalisms as well as 
address issues of human usability. The development of interactive and usable 
generative systems is a significant research area in design computation 
(Carlson, 1993; Chein 1998; Harada 1997; Heisserman, 1991). They apply 
computational formalisms to guide, reason about and support the task of 
designing, usually in loose association with human intervention. Though 
classical search techniques play a central role in the generative kernels of these 
“closed-world” systems, the open-ended exploration of design spaces is the 
desirable goal. We view the role of the user as central to the task of exploration.  
Search-based strategies, derived from problem-solving techniques have 
been deployed in the early research systems as they were modelled on expert 
systems. Search is characterised by the use of global control strategies and 
sequential models of execution. The literature on the theory of search and 
problem-solving has established a number of key concepts useful in design. 
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The notions of state, move and space are essential in describing compter-based 
environments. However, the characteristics of search that make it attractive to 
problem-solving have been found to be problematic in the activity of designing 
(Gero, 1994; Smithers et al 1994).  
Designing is limited by global control policies, and is not a sequential 
predictive process. Designing cannot be reduced to search, and requires a 
broader and more inclusive notion of design support. Smithers et al (1994, 
1998) develop design as exploration, a knowledge level theory of design 
process based on the understanding of ill-structured problems in general and 
design problems in particular. They characterise ill-structuredness as 
incomplete, inconsistent, imprecise and ambiguous. These properties require 
exploration, and are not amenable to search. They define exploration, as 
 “involving the construction and incremental extension of ( well-structured ) 
problem statements and associated solutions....devising intermediate 
problems, at “tangents'” to the main design problem'” ( Smithers 1994, 
page 303—304). 
We contend that while this is true, search and exploration are not the 
oppositional paradigms they are made out to be. They do not represent polar 
positions, but function as complementary strategies in design support 
environments. Hence, to provide effective design support, it is necessary to 
combine their complementarities through some model of collaboration.  
In this paper, we sketch a model of interaction, that casts the interplay 
between search and exploration as agent collaboration in a mixed-initiative 
environment. We conceptually distinguish between search and exploration as 
strategies employed by two agents, one explorative and the other search-based. 
We develop the proposition that mixed-initiative can combine search and 
exploration in computer-based environments for designing. 
Mixed-initiative provides an effective interaction model based on the 
dynamic sharing of initiative and control during a collaborative session 
between two or more agents (Allen, 1994; Burstein et al 1999; Veloso et al 
1997). This notion of initiative can be used to develop a model of interaction, 
in which a human user can collaborate with a software agent to solve a 
problem.  
In order to investigate this proposition, we present an account of our 
computer-based design support environment, FOLDS (Datta, 2000). We show 
how a formal resolution technique (Burrow et al, 1999; Woodbury et al, 1999) 
is adapted for open ended user exploration to develop an understanding of 
movement in design spaces. We present an outline of the system and examine 
the affordances of interaction and agency in such an environment. 
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2. Supporting Design Space Exploration  
The ideas sketched here in broad terms are based on the logic of typed feature 
structures (Carpenter 1992). The reader is referred to the formal research 
reported on design space exploration (Burrow, 1999; Woodbury 1999; 
Woodbury 2000; Datta 2000) for a detailed exposition on the topic. Feature 
structures are much like the frames of AI systems, the records of imperative 
programming languages like C or Pascal, and the feature descriptions used in 
standard linguistic theories of phonology and syntax. They provide the 
theoretical basis for developing the formal machinery necessary for describing 
design space exploration (Woodbury et al, 2000). 
2.1 SUBSUMPTION AND PI-RESOLUTION 
A typed generative system comprises the following :  
• A type system, comprising an inheritance hierarchy of types, features and 
constraints expressed in a description language, 
• a  formally structured design space, comprising discrete states that contain 
typed feature structures, partially ordered by the subsumption relation and 
• a set of formal operators for generating states based on the description 
language using a constraint resolution technique called pi-resolution. 
Pi-resolution (Burrow, 1999; Carpenter 1992) is the fundamental feature 
structure construction process. It is a non-deterministic search for solutions to 
a query description. A solution is represented as a feature structure, which 
satisfies a description and the constraint system. The type system is composed 
of an inheritance hierarchy of types, features and constraints. It is used for 
modeling conceptual information about empirical objects (such as attributes 
and values) and for encoding design knowledge. The generator is a statement 
drawn from a description language. The design space is the formal space of 
partial satisfiers of the query, constructed with respect to the generator. 
2.2. CRITERIA FOR INTERACTION 
In our current consideration of mixed-initiative, the agent definition is limited 
to the human designer and the system. Admittedly, this is an unsatisfying level 
of agent granularity, given that systems have widely differing capabilities and 
humans even more so. However, the agent distinction is sufficient to enable us 
to frame the problem of search and exploration in machine-supported design 
interaction. 
Allen (1994) identified three main aspects of a mixed-initiative approach 
involving two or more interacting agents, namely, 
• flow of control : Can the agents acquire and relinquish control of the 
dialogue ?  
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• share and maintain context : Are the agents able to communicate 
successfully ? 
• focus of attention : Do they consider the same task at hand ? 
The Model-View-Controller (MVC) framework provides a natural 
paradigm for supporting the above criteria. It espouses a partitioning of the 
application domain specification (model), the graphical interface specification 
(view) and the interactivity specification (controller). The benefit of adopting 
the model-world approach is that search and open-ended exploration can 
coexist, the active components of the model can be treated as tools with little 
or no autonomy while the system as a whole may have considerable autonomy 
in ordering the environment to facilitate problem-solving. 
In addition to the above, we specify three major criteria in developing a 
mixed-initiative design-support system, namely, 
• to support the compilation and modelling of design knowledge in the 
application domain (the domain level), 
• to support the incremental completion of design tasks (the task level), 
• to support user interfaces for facilitating dialogue with the formalism (the 
dialogue level) 
Next, we investigate how mixed-initiative enables the integration of search 
and exploration as discussed above at the task level in greater detail. 
3. Mixed-Initiative in FOLDS : The Task Level 
Mixed-initiative at the task level in FOLDS is characterised by : 
• the incremental pi-resolution process as the search mechanism in the 
interaction loop, 
• display of the intermediate states of computation to exploration by the user 
and 
• the incorporation of limited direct manipulation capabilities in the display 
of feature-value graphs, satisfier nodes their graphical representation  
using the model-view-controller approach. 
3.1. INCREMENTAL PI-RESOLUTION 
Incremental Pi-resolution (Burrow 1999) provides a natural entry point for 
human-computer interaction in the resolution process. The incremental process 
allows a two-stage dialogue between the designer and the resolution process.  
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Figure 1. A schematic representation of resolution. 
First, given a query description, the explorer traces a path through the sub 
space of possible states that are consistent with the description and presents the 
results for user intervention. The designer then resolves the non-determinism 
in the operation and presents the explorer with the next legal operation.  
Second, the explorer retrieves the last element in the path and presents its 
root node to the user. The designer then chooses one of the sub nodes of the 
structure and requests an incremental pi-resolution operation on this structure. 
The explorer then builds the set of types and associated recursive type 
constraints to which the selected node can be refined and presents them to the 
user. If the structure is fully resolved, the explorer marks the structure as 
resolved with respect to the type constraints, and requests the user for the next 
operation. Given a set of legal types, the designer can choose one of the 
subsuming types and present the explorer with a legal operation. 
In both scenarios described above, the incrementality of the generative 
process permits the designer to decide what the next forward operation in the 
satisfier space should be and thus have local control over the paths. Design 
decisions are not subject to some global inference strategy, but are goal-
directed. And each resolution step introduces new constraints and opens up 
possible spaces via designer-explorer interaction. 
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Figure 2. Mixed-initiative in FOLDS. The system returns attribute-value matric
presents a graphical view (B) and context information (C) relevant to an indivi
3.2. DISCUSSION 
The premises of the mixed-initiative dialogue in FOLDS are : 
• A two-stage dialogue with the formal resolution process, 
• uniform display of the intermediate states of computation, e.g.d
satisfier and states as foldable attribute-value matrix (AVM)  no
• direct manipulation of the AVM and their graphical representa
a model-view-controller approach. 
We discuss each of these aspects with reference to control, com
and focus of attention issues in agent interaction. First, the increm
the search process enables the user to step into the computat
resolution and take control of the non-determinism. Second, the us
communicate the next step of resolution or shift focus to other p
space through the display of the intermediate states of computati
the display of these states as folded feature-value graphs provides a 
metaphor for manipulation and control of the explored space.  
Consequently, a user interacts with the formal generative opera
explorer and constructs a design space recording the states. In our 
the operators have a formal basis, the exploration process itself is o
Hence, the user can control the generation of partial designs and m
formal integrity of the resolution process. 
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5. Conclusion 
The use of mixed-initiative interaction presents an effective approach for 
combining a search-based agent and open-ended exploration in the domain of 
design space exploration. These paradigms are viewed, not as mutually 
exclusive, but interrelated and integral to design support systems. This paper 
explores the possibility of combining formal search mechanisms and open-
ended exploration models in design. It presents a mixed-initiative model in 
FOLDS wherein human designers can collaborate with software agents in an 
interactive environment. This environment illustrates the interleaving of 
mixed-initiative concepts such as turn-taking, control, communication and 
focus of attention. testing the relationship of search and exploration 
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